ABSTRACT The effects of maternal L-arginine supplementation on laying performance and the antioxidant capacity of broiler breeder hens, egg yolk, and their one-day-old offspring were investigated. In a 9 wk experiment, 210 60-week-old Arbor Acres healthy female broiler breeders were randomly divided into 5 treatments with 6 replicates of 7 females and fed a corn and soybean meal diet with 5 arginine levels (0.96%, 1.16%, 1.36%, 1.56%, and 1.76% digestible arginine). Laying performance and anti-oxidant capacity of broiler breeder hens, eggs, and offspring were evaluated. Digestible arginine level in the broiler breeder diet had a significant effect on the laying rate (linear and quadratic effect, P < 0.0001). The highest laying rate was obtained when the diet with 1.36% digestible arginine was fed. There was a significant effect of digestible arginine level in the broiler breeder diet on the total antioxidant capacity (T-AOC) levels and methane dicarboxylic aldehyde (MDA) concentration in the broiler breeder serum, egg yolk and serum, and liver and breast of one-day-old offspring (linear and quadratic effect, P < 0.05). The T-AOC level was highest and the MDA concentration lowest in all tissues when a diet with 1.36% digestible arginine was fed. No difference in glutathione peroxidase (GSH-PX) activity in the broiler breeder serum was observed. There were significant effects of digestible arginine level in the broiler breeder diet on the GSH-PX activity of the egg yolk (linear effect, P < 0.01; quadratic effect, P < 0.05) and serum, liver, and breast of one-day-old offspring (linear and quadratic effect, P ≤ 0.01). The GSH-PX activity in all tissues measured in this experiment was highest when the dietary digestible arginine was 1.36%. These results indicate that the diet with 1.36% digestible arginine (1,972 mg/d) is optimal to satisfy the nutritional needs of a female broiler breeder during the late laying period.
INTRODUCTION
Arginine is a nutritionally important amino acid that serves multiple physiological functions in animals (Jobgen et al., 2006; Mateo et al., 2007) . In recent years, arginine has been shown to affect animal reproductive function. Ramaekers et al. (2006) reported that a dietary supplement of 25 mg/kg L-arginine in gilts and multiparous sows during pregnancy significantly increased litter size. Similarly, Mateo et al. (2007) demonstrated that supplementing a sow diet with L-arginine significantly increased litter size. Similar results were observed using rats (Zeng et al., 2008) .
Oxidative rancidity represents one of the major causes of human food deterioration (Chen et al., 2009) . Similarly, oxidative stress is an important mechanism that leads to biological damage in living animals and C 2015 Poultry Science Association Inc. Received May 13, 2015. Accepted August 14, 2015. 1 These authors contributed equally. 2 Corresponding author: xuliangmei@neau.edu.cn causes several pathologies that affect poultry growth (Avanzo et al., 2001) . Animals metabolically produce different reactive oxygen species (ROS), peroxides, singlet oxygen, and free radicals (Lin et al., 2005) . Several factors, including pulmonary hypertension syndrome, ventilation, temperature, and dietary factors, can increase oxidative stress in chickens (Allen et al., 1997 (Allen et al., , 1998 Bottje et al., 1998) . Oxidative, heat, or slaughter stress can result in the oxidation of fat, protein, and metalions to methane dicarboxylic aldehyde (MDA), carbonyl proteins complexes, aldehydes, ketones, and phenolic compounds (Galli, 2007; Fang et al., 2002) . These products affect the quality of pork and poultry meats (Lefaucheur et al., 1991; Sandercock et al., 2001) . Broiler breeders are continuously exposed to oxidative stress over their lifetimes, and this cumulative stress might cause disease (Allen et al., 1998; Enkvetchakul et al., 1993) . There is concern regarding the antioxidant ability of hatched chicks with substantial amounts of polyunsaturated tissue lipids (Speake et al., 1998) . Hence, an effective antioxidant system is critical for broiler breeders. L-arginine is considered to contain significant antioxidant properties. Arginine increases 2938 Downloaded from https://academic.oup.com/ps/article-abstract/94/12/2938/2461244 by guest on 22 January 2019 antioxidant ability, reduces superoxide release, and ameliorates lipid peroxidation (Galli 2007; Petrovic et al., 2008) .
The objective of this study was to evaluate the antioxidant status of newly hatched chicks, assess the role of arginine supplementation in the maternal diet, and determine its possible benefits in regard to laying performance and the oxidant defense system of broiler breeders and their offspring.
MATERIALS AND METHODS
This study was approved by the Animal Care and Use Committee of Northeast Agricultural University. Animals used in these experiments were cared for under the guidelines stated in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching of Heilongjiang Province.
Birds and Experimental Design
A single factor design was adopted. A total of 210 Arbor Acres healthy female broiler breeders (60 wk of age) with similar weights (4.24±0.18 kg) were randomly divided into 5 groups containing 6 replicates per group and 7 birds in each replicate. After 60 wk of age, females were fed the experimental diets respectively with 5 graded levels of L-arginine. Ninety-nine percent pure L-arginine was added to the experimental diet by 0, 2,000, 4,000, 6,000, and 8,000 mg/kg, corresponding to 0.96%, 1.16%, 1.36%, 1.56%, and 1.76% digestible arginine (Table 1) and Arg/Lys ratios of 128, 155, 181, 208, and 235, respectively . Males were fed a single common diet during the entire experimental period (CP: 12%, Ca: 0.80%, available P: 0.35%, total dietary arginine: 0.80%), and the birds were fed for 7 wk. Three hundred hatching eggs were collected from each group at the end of 67 wk of age. Six eggs per replicate were sampled to determine the antioxidant capacity of the yolk. The remaining eggs were placed in an incubator on the same d, and 12 chicks from each treatment were randomly selected to assay the antioxidant status in their serum and tissues. The composition and nutrient levels of each diet during the laying period are listed in Table 1 .
Management
Each bird was housed in an individual cage measuring 36 cm × 25 cm × 39 cm. Fixed amounts of feed (145 g/d) were provided to female birds at 08:00, and the birds were given free access to drinking water. A 16-h photoperiod was provided each d using a combination of natural and artificial light. Room temperature was maintained at approximately 20
• C, and cleaning and disinfection were performed regularly. At the end of 67 wk of age, artificial insemination was performed on the broiler breeders at 14:00, and it was done again after 5 d.
Eggs were collected for 12 d after the second d of artificial insemination, and the eggs were marked and stored in a dark room at 10
• C until incubation. At the end of the collection period, eggs were segregated into groups and placed into an FT-ZF10 automatic incubator with the blunt tip pointed upwards. Eggs were incubated under eggshell temperature control. The environmental temperature was maintained at 38.4
• C for the first 6 d, 38.1
• C for the second 6 d, 37.2 • C for the third 6 d, and 36.9
• C for the next 3 d. The humidity level was maintained within the range of 60% to 75% by adding water.
Data and Sample Collection
Starting at 68 wk, the number of eggs and egg weight were recorded. The acquisition of eggs was graded as qualified and unqualified. The unqualified eggs included misshapen eggs, dirty eggs, excessively large or small eggs, broken eggs, cracked eggs, and eggs without a shell (but with intact membrane). The laying rate, qualified egg rate, and broken egg rate of each group were calculated.
At 68 wk of age, two broiler breeders were randomly selected from each replicate to obtain blood samples via the jugular vein using epoxy resin tubes at 8:00. The plasma was separated and stored at -80
• C. Eggs were collected and marked, and 6 replicates were randomly sampled. Yolks were separated using an egg separator and stored at -80
• C until analysis of antioxidant capacity. The remaining eggs were placed in an incubator on the same d, and 12 chicks from each treatment were randomly selected. Blood samples were obtained via the jugular vein using a one-mL injection syringe. Liver and breast tissues were excised from the chicks, rinsed twice with ice-cold PBS, and dried with filter paper to reduce blood contamination.
Total antioxidant capacity (T-AOC) in serum and cartilages was measured using a kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, P.R. China) based on the method of Benzie and Strain (1996) with minor modification. This assay measures the ferric-reducing ability of the supernatant.
The concentrations of MDA, a marker index of lipid peroxidation product, were determined by measuring the TBA reactive substances, using a corresponding diagnostic kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, P.R. China) with the methodology in the TBA method, as described by Placer et al. (1966) . The principle is that TBA reacts with MDA to form a stable pink color that is measured spectrophotometrically (OD at 532 nm). MDA values were expressed as nmol/mL serum and nmol/mg protein.
Glutathione peroxidase (GSH-Px) activity was determined with a GSH-Px Assay kit (Institute of Biological Engineering of Nanjing Jianchen, P.R. China). The methodology used in the kit is the dithio-nitro benzene method described by Hafeman (1974) .
Statistical Analyses
Data were subjected to ANOVA using the GLM procedure of SAS (SAS Institute Inc., Cary, NC). The linear and quadratic effects of the arginine level were assessed using orthogonal polynomials. The replicate was the experimental unit. Results are reported as means plus SEM. A P-value of less than 0.05 was considered statistically significant.
RESULTS
Digestible arginine level in the broiler breeder diet had a significant effect on laying rate (linear and quadratic effect, P < 0.0001). The highest laying rate was obtained when the diet with 1.36% digestible arginine was fed. There was no effect on egg weight, qualified egg rate, and broken egg rate throughout the experiment (P > 0.05) ( Table 2 ).
There was a significant effect of digestible arginine level in the broiler breeder diet on the T-AOC levels of broiler breeder serum, egg yolk and serum, and liver and breast of one-day-old offspring (linear and quadratic effect, P < 0.01). The highest T-AOC in broiler breeder serum, egg yolk and serum, and liver and breast of one-day-old offspring was obtained when the diet with 1.36% digestible arginine was fed (Table 3) .
Compared with the control group, MDA concentration of the broiler breeder serum and egg yolk was decreased (linear and quadratic effect, P < 0.05). There was a significant effect of digestible arginine level in the broiler breeder diet on the serum, liver, and breast MDA concentration of the one-day-old offspring Table 3 . Effects of the different diet digestible arginine levels on T-AOC levels in the serum of broiler breeders, egg yolks, and the serum and tissues of offspring. (linear and quadratic effect, P < 0.01). The MDA concentration in all tissues measured in this experiment was lowest when the dietary digestible arginine was 1.36% (Table 4) . No difference of GSH-PX activity in broiler breeder serum was observed. Compared with the control group, the egg yolk GSH-PX activity was higher (linear effect, P < 0.01; quadratic effect, P < 0.05). There was a significant effect of digestible arginine level in the broiler breeder diet on the GSH-PX activity of serum, liver, and breast of one-day-old offspring (linear and quadratic effect, P≤0.01). The GSH-PX activity in all tissues measured in this experiment was highest when the dietary digestible arginine was 1.36% (Table 5) .
DISCUSSION
As an essential amino acid, arginine influences the laying performance of broiler breeder hens. Silva et al. (2012) reported that after 24 wk of age, as the dietary arginine level increased, the laying rate of broilers significantly increased. In our study, a linear and quadratic effect of digestible arginine level in the broiler breeder diet was found on laying rate. The laying rate of broilers fed the diet with 1.36% digestible arginine in the late period (61 to 69 wk) was the highest. However, as the arginine content increased, the laying rate of broilers was lower than the control group. We speculated that arginine could act directly on the ovaries and ovarian follicles to stimulate the exudation of luteinizing hormone (LH), increasing the laying rate of broilers. However, in the late period, the amino acid imbalance caused by high arginine may affect the laying rate of broilers (Silva et al., 2012) . The nutrient concentration and the level of protein in the broiler diet affect egg weight , and arginine promotes protein synthesis (Sun et al., 2010) . Previous studies have demonstrated that arginine (1.2% digestible arginine) in the broiler diet significantly increased egg weight (Basiouni et al., 2006) . Silva et al. (2012) also reported that when the broiler diet with 1.543% digestible arginine after 23 wk of age was fed, egg weight was significantly increased. In our study, the broiler breeder diet with 1.36% digestible arginine could obtain the highest egg weight.
ROS are a family of oxygen derivatives that includes superoxide, hydroxyl radical, hydrogen peroxide, and nitric oxide. In normal conditions, excessive oxidative radicals are eliminated by antioxidant systems, including non-enzymatic components and a series of antioxidant enzymes. Available evidence revealed that physiological levels of arginine and nitric oxide have antioxidative properties. For example, Wu et al. (2004a) reported that dietary supplementation with arginine increased the T-AOC concentration in the serum and skeletal muscle. Wascher et al. (1997) demonstrated that dietary supplementation with L-arginine decreased Table 5 . Effects of the different diet digestible arginine levels on GSH-PX levels in the serum of broiler breeders, egg yolks, and the serum and tissues of offspring. Broiler breeder serum (U/ml) Egg yolk (U/ml) serum (U/ml) liver (U/mg) Breast (U/mg) superoxide release in rats. Petrovic et al. (2008) demonstrated that L-arginine increased the anti-oxidative defense system in rats in response to cold acclimation. In our study, the diet supplemented with 0.4% L-arginine (1.36% digestible arginine) significantly elevated T-AOC levels in the serum of broiler breeders, but higher arginine content was disadvantageous.
Besides that, there was a linear and quadratic significant effect of digestible arginine level in the broiler breeder diet on T-AOC levels. This result indicates that a balance in the amount of arginine is needed to enhance the body's antioxidant capacity via nonenzymatic and enzymatic antioxidant systems, and high plasma arginine concentrations might reduce the susceptibility to lipid peroxidation and lower T-AOC activity.
Oxidative damage to lipids occurs in the living animal due to an imbalance between the production of ROS and the animal's defense mechanisms. MDA is a soluble degradation product of lipids, and MDA levels can be used to monitor the extent of lipid peroxidation (Uuganbayar et al., 2005; Wang et al., 2006) . Previous studies revealed that arginine could reduce harmful substances. For example, Ma et al. (2010) reported that dietary arginine supplementation in swine decreased the MDA content in the serum and skeletal muscle. Wu et al. (2012) reported that the plasma MDA content was significantly decreased when Huanjiang mini-pig diets were supplemented with arginine. Recently, Jiang et al. (2013) demonstrated that dietary supplementation with arginine decreased MDA levels in the serum and livers of laying ducklings. In the current study, digestible arginine level in the broiler breeder diet had a linear and quadratic effect on the MDA concentration, and 0.4% L-arginine supplementation in the broiler breeder diet (1.36% digestible arginine) decreased the hens' serum MDA content to a great extent, suggesting that arginine supplementation may protect tissues against attack by lipid oxidation products and increase antioxidant capacity. Moreover, similar effects were found on egg yolks and one-day-old chicks, indicating that maternal diet supplementation with arginine may also protect the tissues of offspring against attack by lipid oxidation products and may prolong shelf life. Speake et al. (1998) reported that the development of embryos and offspring depended on the nutritional reserves of hatching eggs. Thus, we speculate that the quality and the antioxidant ability of offspring are affected by the nutrition of the broiler breeders.
GSH-PX plays an important role in protecting cells from ROS-induced damage. Superoxide dismutase converts superoxide to H 2 O 2 and oxygen. In turn, H 2 O 2 is reduced by catalase (CAT) and GSH-PX to H 2 O and oxygen. Normally, GSH-PX is considered qualitatively more important for maintaining low cellular H 2 O 2 levels because it has a much lower Km than CAT (Jones et al., 1981) . Jiang et al. (2013) reported that the GSH-PX activity of livers significantly improved when supplemented with 0.2% arginine in laying ducklings. Ma et al. (2010) reported that dietary supplementation with 0.5% or 1% arginine decreased the hydroxyl radical level in serum, whereas it increased the activity of GSH-PX in the serum of pigs. In our study, although the difference was not significant, the serum GSH-PX activity of hens was the highest when the diet was supplemented with 0.4% L-arginine in broiler breeders during the late period (1.36% digestible arginine). This result indicates that arginine enhances body antioxidant capacity, including the enzymatic antioxidant systems. A decline in broiler breeder antioxidant enzyme activity during the late period could explain the different result. Significant linear and quadratic effects of digestible arginine level in the broiler breeder diet were found on the GSH-PX activity of yolk of egg and one-day-old offspring, and the GSH-PX activity in yolk of egg and one-day-old offspring was highest when the dietary digestible arginine was 1.36%. We speculate that antioxidant enzymes that transferred from broilers in hatching chicks might play an important role in the GSH-PX activity of offspring. In addition, arginine transferred from the broilers to hatching chicks could also explain this result.
CONCLUSION
These results indicate that supplementing the diet of broiler breeders with L-arginine during the late laying period enhances laying performance and the antioxidant capacity of hens and their eggs and offspring. These results suggest that the diet with 1.36% digestible arginine (1,972 mg/d) is optimal to satisfy the nutritional needs of a female broiler breeder during the late laying period.
